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Abstract 
This document introduces a generic method to calculate the thermodynamic absolute minimum energy required for 
the regeneration of post-combustion capture solvents for a traditional line-up. The minimum energy requirements 
are shown to be most dependent of: 
 
• Heat of absorption solvent 
• Regeneration pressure 
• Fat solvent temperature 
• Vapor pressure of CO2 over the loaded solvent at absorber bottom temperature T1.  
 
This method allows the screening of new solvents and helps to focus the research and development efforts into 
solvents and line-ups for CO2 capture. 
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1. Introduction 
Many aqueous solvents are currently available for post-combustion capture of CO2 and many more are under 
development. Perhaps the most important differentiator for a post-combustion capture process is the steam 
consumption per ton of CO2 captured. The most promising technologies currently claim values between 2.0 – 3.5 
MJ/kg CO2; often these claims have not been demonstrated in practice and are based on process modelling or other 
types of calculations.  
 
This document introduces a generic method to calculate the thermodynamic absolute minimum energy required for 
the regeneration of post-combustion capture solvents for a traditional line-up. This method allows the screening of 
new solvents and helps to focus the research and development efforts into solvents for CO2 capture.  
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2. Method 
A conventional gas treating line-up with a reboiler, a condenser, a lean-rich heat-exchanger and a lean solvent cooler 
is assumed in this document (Figure 1).  
 
 
Figure 1. Flow sheet conventional CO2 capture plant. The symbols presented in the chart are used throughout this text. 
 
2.1. Calculation of minimum heat required for aqueous solvent processes 
For an aqueous solvent-based post-combustion capture process, the specific reboiler duty is a sum of three terms (eq 
1):  
 OHvapCOabssensiblereb WWWW 2,2, ++=  (1) 
 
Generic solutions to calculate each of these terms are presented below. 
 
2.2. Calculation sensible heat required 
Steam is required to overcome the sensible heat, which is lost due to the cold side temperature approach of the lean-
rich heat-exchanger. The quantity of this term can be calculated as follows: 
 
 ( ) ( )LRHXlsreglslslsabsfsreglsfsfssensible TTCpTTCpW ,,,, −⋅⋅−−⋅⋅= φφ  (2) 
 
Due to flashing of the heated fat solvent, the temperature approach on the hot side of the lean rich exchanger may be 
larger. However, as this does not affect the duty of the lean-rich heat exchanger, no additional heat is lost. Further, 
some CO2 and water is not heated to the regenerator bottom temperature, and some cool reflux water enters the 
regeneration cycle. These effects are small and are not taken into account in this document.  
 
For a number of the unknown terms in eq 2, generic solutions are presented in eq 3 – 5.  
 
 α⋅−= 034.0lsfs CpCp  (3) 
 ( )αφφ −⋅= 1fsls  (4) 
 LRHXapproachfsLRHXls TTT ,, −=  (5) 
 
Source of eq 3 is Kohl and Nielsen, 1999. Using these equations, the sensible heat losses can be calculated as a 
function of cyclic loading and the LRHX temperature approach (Figure 2).  
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Figure 2. Required reboiler specific heat to compensate for sensible heat loss. 
 
2.3. Calculation duty required for heat of absorption 
The calculation of the required duty to overcome the heat of absorption is straight-forward (eq 6).  
 
 
removedCOCOabsCOabs HW ,222 ,, φ⋅=  (6) 
 
For conventional aqueous amine solvents, three reaction mechanisms may be distinguished for binding the CO2. 
Each type of mechanism has a typical heat of reaction:  
 
1. Carbonate to bicarbonate reaction 25-30 KJ/mol CO2 
2. Carbonate reaction 55-65 KJ/mol CO2 
3. Carbamate reaction 80-90 KJ/mol CO2 
 
Note that for many solvents, intermediate reaction heats may be measured, either because a mixture of solvents is 
used, or because the same molecule can bind CO2 via more than one mechanism (eg primary and secondary amines). 
 
 
2.4. Calculation heat loss to evaporation of water  
The critical step of the approach introduced in this document, lies in the calculation of the water vapour losses. The 
assumption is made that at the top of the regenerator, the CO2 is saturated with water, but no additional stripping 
steam is required in the regeneration column. Because it is a thermodynamic requirement the CO2 at the top of the 
regenerator is saturated with water, this assumption leads to the absolute minimum water vapour losses.  
 
To calculate the water vapour losses, the ratio of water to CO2 at saturated conditions at the top of the regenerator 
must be known. These can be calculated if the regenerator pressure and either the CO2 pressure or water vapour 
pressure at the absorber top are known (eq 7). 
 
 OpHpCOP topregen 22, +=  (7) 
 
The regenerator pressure is a process variable. The value of pCO2 is a function of the heat of absorption of CO2 in 
the amine, the fat solvent temperature and the vapour pressure of the CO2 over the loaded fat solvent. The final term 
can also be considered as the approach to equilibrium at the absorber bottoms. The increase of pCO2 as a function of 
temperature can be calculated using a derivation of the Gibbs-Helmholtz equation: 
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The only assumption in this equation is ideal vapour phase behaviour, which is realistic for an atmospheric process.  
 
From (eq 8) pCO2 (at T2) can be described as a function of T1 and pCO2 (at T1):  
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PH2O T2 can be calculated using Raoults law with a correction for liquid phase non-ideality: 
 
 222 ,222 TOHOHOHT PxOpH ⋅⋅= γ  (10) 
 
In this document H2O is estimated to be 0.9, and xH2O is assumed to be 0.85. The values for H2O and xH2O vary 
slightly between different amines, but typical values all fall in about a 10% range of these values. 
Because T1, PCO2,T1 and Pregen,top are known, by combining eq (7), eq (9) and eq (10), T2, PCO2,T2 and PH2O,T2 can now 
be calculated iteratively. Finally, then the duty to water loss can be calculated via the following equation: 
 
 OHvapCOOH HOpH
pCOW
222 ,
2
2
⋅⋅= φ  (11) 
 
3. Results  
Using (eq 1), the effect of a number of critical parameters on the minimum heat required for solvent regeneration 
can be determined. Figure 3 shows the effect of heat of absorption on the minimum heat requirement; for all other 
parameters, typical post-combustion capture values are used. Figure 3 shows a low heat of absorption is not 
necessarily beneficial for energy consumption; actually, an optimum is found at a heat of absorption in the range 55 
- 65 KJ/mol CO2. At lower heats of reaction, the heat losses to water vaporization increase very significantly; at 
higher values the energy required to reverse the heat of reaction becomes excessive.  
 
Figure 3. Break-up specific reboiler duty.  Tfats = 50°C, pCO2 fat = 0.05 bar, P regen = 1.15 bar 
Figure 4 shows how the optimal heat of absorption is a function of the vapour pressure of CO2 over the fat solvent at 
Tfs. At a vapour pressure of 120 mbar CO2, a Habs value of 40 – 50 KJ/mol is optimal. As the vapour pressure 
decreases, solvents with a higher Habs value become more attractive; Gibbs-Helmholtz dictates that at lower CO2 
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partial pressures, solvents with lower heat of absorption require a large increase in temperature for regeneration. 
This leads to excessive water vapour losses in the top of the regenerator. 
 
 
Figure 4. Specific reboiler duty vs heat of reaction at varying CO2 vapour pressures over the fat solvent. Tfats = 50°C, P regen = 1.15 bar, Cyclic loading 8 wt%. 
 
4. Comparison to published solvent performance data 
In Table 1, the energy consumption as predicted by this model is compared to published data on the MEA (Reddy et 
al, 2003; Dugas, 2006) and the MHI KS-1 solvent (Holton, 2009) . For KS-1 a higher fat solvent CO2 vapour 
pressure is used than for MEA, as modelling shows the faster kinetics will bring the solvent closer to equilibrium at 
the bottom of the absorber.  
Table 1. Comparison energy consumption as published and as predicted. The presented fat solvent temperatures are indicative for a lean solvent temperature of 40 ºC, 
a feed gas CO2 pressure of 8% is used. Note the values for Peq FS are assumed based on feed gas partial pressure and reaction kinetics.  
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The predicted absolute minimum values are about 10 – 20% lower than the literature claims. A number of reasons 
can be listed for the differences: 
 
1. Actual operation may have a regenerator pinch, which needs to be overcome by additional stripping steam. 
2. The CO2 vapour pressure may not be completely at equilibrium with the solvent at the top of the 
regeneration column, due to mass transfer and kinetic limitations.  
3. The value for the activity coefficient of water will vary slightly between solvents.  
4. For some operational cases for MEA, the pilot plant operation may not have been optimal: Plaza et al 
(2009) have shown that for MEA it can be more favourable to operate MEA at a lower cyclic loading (eg 4 
wt%) and a higher solvent circulation rate, when a LRHX approach of 5 °C is used.  
 
Note in their regenerator, MHI applies inter column heating. This step may (partially) break the pinch in the 
regenerator column, and therefore bring the presented energy consumption relatively close to the absolute minimum.  
 
The trend of decreasing energy consumption at increasing heat of reaction was also found by Chen et al (2006). 
During pilot plant campaigns for a K2CO3 - Piperazine - H2O solvent, the required reboiler duty reduced as the 
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piperazine content of the solvent was increased, from 6.4M K+/1.6M pip to 5M K+/2.5 M pip. Hilliard (2008) shows 
that the heat of absorption (40 °C, ~0.5 loading), for these solvents increases from ~42 KJ/mol to 54 KJ/mol. Figure 
4 confirms under the pilot plant conditions (PCO2,FS of ~0.05 bar), for this change in solvent composition, the 
minimum required duty reduces from 2.9 MJ/kg to 2.4 MJ/kg.  Figure 4 also shows for such a solvent a further 
increase in heat of reaction may actually reduce the minimum energy consumption further, which underpins the 
thermodynamic promise of the development of the concentrated piperazine solution (Freeman et al, 2010).  
 
5. The effect of pressure 
Using the presented approach, the effect of the regenerator pressure is evaluated in Figure 5, as a function of the heat 
of absorption and the fat solvent temperature. The figure shows that for solvents with a heat of reaction of 30 
KJ/mol, lower pressures are favourable to reduce the required reboiler duty. Application of vacuum conditions may 
be interesting for these solvents. 
 
On the other hand, solvents with a heat of reaction in the 60 – 80 KJ/mol range benefit from regeneration at higher 
pressure.  As an example, with a fat solvent temperature of 50 °C and a Habs of 60 KJ/mol, the required minimum 
regenerator duty drops from 2.5 MJ/kg CO2 at 1 bar to 2.1 MJ/kg at 8 bar. The tipping point for the trend between 
energy consumption, pressure and heat of reaction lies at the heat of vaporization of water, which is about 50 
KJ/mol for the conditions found at the top of the regenerator.  
 
 
Figure 5. The effect of pressure on the required minimum reboiler duty. 
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A further benefit of higher-pressure regeneration is reduction of the CO2 compressor duty, required for storage. 
Flowsheet simulations show when compressing to 80 bar, increasing regenerator pressure from 1 to 2 bar (~130°C 
reboiler T) will save 18% compressor duty; and increasing pressure to 4 bar (~155 °C) will reduce the required duty 
by 37%. 
For higher pressure regeneration, the accelerated thermal degradation of amines at higher temperatures (eg Davis, 
2008) needs to be taken into account. Further, it also requires much higher steam pressures to fire the reboiler; for 
power plants, the extraction of high pressure steam may lead to a larger energy penalty than low pressure steam.  
Therefore, more detailed evaluations are required when considering high-pressure regeneration.  
 
Figure 5 also shows the following trends with respect to fat solvent temperature: 
1. When the fat solvent temperature is lower, the effect of regenerator pressure on energy consumption 
appears to be smaller;  
2. For otherwise similar conditions, a lower fat solvent temperature will lead to lower energy requirements.  
 
 
 
6. Conclusions and recommendations  
This work introduces a simple method to predict the minimum energy requirement for a post-combustion CO2 
capture process.  The key assumption for this approach is that the minimum water vapour losses can be calculated 
by assuming the CO2 is saturated with water at the top of the regenerator, but that no additional stripping steam is 
required. The minimum energy consumption values calculated with this method are about 10 to 20% lower than 
those found in practice.  
 
The minimum heat requirements are shown to be most dependent of: 
 
• Heat of absorption solvent 
• Regeneration pressure 
• Fat solvent temperature 
• Vapor pressure of CO2 over the loaded solvent at absorber bottom temperature T1. 
 
Based on the learnings from this work, the following suggestions are made for solvent and process development in 
the post-combustion CO2 capture field. 
 
Optimal heat of absorption 
In a wide range of operating conditions, solvents with a heat of absorption in the 55 – 65 KJ/mol CO2 range show 
the lowest values for energy consumption. Only when the process is operated at very low temperatures, with a T fat 
solvent below 35 ºC, solvents with a heat of absorption below 40 KJ/mol become attractive. However, at these 
temperatures solvents may run into viscosity, solubility and kinetic limitations. Further, in many locations chilling 
will be required. 
 
Cyclic loading 
When a heat exchanger with an approach of 5 ºC is applied, only small benefits are gained from a very high cyclic 
loading. A solvent with a cyclic loading of 15 wt% will lose 0.13 MJ/kg CO2 to sensible heat, a solvent with a cyclic 
loading of 5% will lose 0.38 MJ/kg. However, below 5 wt% the energy consumption goes up quite quickly. Also, 
pumping duty and equipment sizing must be taken into account in this assessment. 
 
Inter-stage cooling 
The use of inter stage cooling in the bottom part of the absorber is attractive. If the fat solvent temperature can be 
decreased from 57 ºC to 47 ºC with a 60 KJ/mol solvent, the required minimum energy consumption will drop from 
2.9 to 2.4 MJ/kg. Note that pCO2 over the loaded solvent must be the same for both cases, which implies for the same 
solvent at a lower fat solvent temperature, the loading will be higher.  
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Regeneration pressure 
For solvents with a heat of reaction of around 30 KJ/mol, regeneration at low pressures or even vacuum conditions 
will lead to the lowest reboiler duty requirements. Opposite to this, for solvents with reaction heats above 55 
KJ/mol, increasing the regenerator pressure will reduce the required reboiler duty. For these solvents, increasing 
pressure will also reduce the required compressor duty significantly; however, both solvent degradation and the 
penalty for steam extraction may increase significantly when the reboiler temperature and pressure are increased. 
 
7. Future solvent developments at Shell 
Based on the approach introduced in this work, Shell is shaping her portfolio of post-combustion capture 
technologies: 
 
• Standard aqueous solvents require special features to differentiate. Features may be tolerance to SO2, high 
loading, high stability and favourable reaction kinetics, or break-through line-ups. Such a process is the 
Cansolv CO2 capture process.  
 
• The development of solvents which can be regenerated at lower temperatures. The energy consumption for 
these solvents may not be lower than for normal solvents; however energy penalties for low quality heat 
extraction are lower and at many industrial sites energy of this level may be available at very low penalty.  
 
• The development of break-through solvents with energy consumption below 2 MJ/kg. This paper shows 
that aqueous amine solvents with a conventional line-up cannot achieve such values.  
 
 
 
7. References  
Chen E, Carbon Dioxide absorption into Piperazine promoted Potassium Carbonate using Structured Packing.  UT Austin, PhD Thesis (2007). 
Davis J, Sexton A. Amine Degradation. Presentation at 11th meeting of the international post-combustion CO2 capture network, May 20-21 2008, 
Vienna Austria. 
Dugas R. Pilot Plant Study of Carbon Dioxide Capture by Aqueous Monoethanolamine. UT Austin, M.S.E. Thesis (2006). 
Hilliard MD, A Predictive Thermodynamic Model for an aqueous blend of Potassium Carbonate, Piperazine and Monoethanolamine for Carbon 
Dioxide Capture from Fluegas. UT Austin, PhD Thesis (2008). 
Holton S. KM-CDR Post-Combustion CO2 capture with KS-1 advanced solvent. Proceedings of eight annual conference on carbon capture and 
sequestration. Pittsburg Pa, May 2009. 
Plaza JM, Wagener DV, Rochelle GT. Modeling CO2 capture with aqueous Monoethanolamine. Energy Procedia 1;1;2009 p1171 
Reddy S, Scherffius J, Freguia S, Roberts C. Fluor’s Econamine FG PlusSM Technology. An Enhanced Amine-Based CO2 Capture process. 
Proceedings of second national conference on carbon sequestration (2003). 
.   
. 
J. van Straelen, F. Geuzebroek / Energy Procedia 4 (2011) 1500–1507 1507
